A new true Gaussian digital shaper of detector pulses is tested and compared to the standard trapezoidal shaper in terms of count rate, amplitude resolution and biasing the output shaped pulses. The true Gaussian shaper allows for shaping detector pulses into a symmetrical form which width can be considerably less than the rise time of the input pulses. Therefore, the dead time of the true Gaussian shaper can be considerably reduced in regards to that of trapezoidal shaper. The output count rate of the true Gaussian and trapezoidal pulses are compared in a wide range of input count rates. The maximal output count rate of the true Gaussian shaper has been found to exceed in several times the rate of the trapezoidal shapers. The true Gaussian shapers provide better resolution and biasing-free measurements of pulse amplitudes at high count rates. The tests have been performed by modeling the output signals of silicon drift detector (SDD) VITUS H7 equipped with AXAS-D pre-amplifier developed by KETEK GmbH for measurements of soft X-ray spectra at high count rates.
Introduction
The impulse response of radiation detectors formed by a pre-amplifier has usually short rise time τ r and long falling tail τ t ≫ τ r which durations are a trade-off between output noise, ballistic deficit and pulse pile-up of the detector system [1] . At high input rates, the response pulses are overlapped and badly resolved resulting in pile-up signals.
The number of pile-up pulses is significantly reduced by shaping the impulse response into a symmetrical form of a shorter width T s < τ r + τ t . The width of pulses is defined hereafter as the full width at its half maximum (FWHM). At τ t > T s ≫ τ r , standard shapers [2, 3] provide well-formed symmetrical output pulses at a low noise level. The inferred amplitudes of the shaped pulses are unbiased at count rates lower than ≈ 1/T s .
At shorter pulse widths T s ≤ 2τ r , the output of standard shapers is disturbed from the symmetrical form, output noises are increased and the inferred pulse amplitudes are biased from their real values. A true Gaussian filter was recently developed to shorten the shaped pulses to less than the rise time of the response pulse [4, 5] in order to provide the highest count rates of pulse measurements.
The advantages of the the true Gaussian shapers are based on their better detection of closely overlapped short shaped pulses. The dead times of the true Gaussian and trapezoidal shapers are defined and calculated in Section 2 with taking into account the output electronic noise and distortion of the shaped pulses. For large pulse widths, the calculated dead time coincides with the peaking plus flat top times of trapezoidal shapers. The concept of resolving time is introduced to specify the shortest time interval between two overlapped pulses when their mean inferred and input amplitudes differ less than the output shaper noise. The dead and resolving times, along with the amplitude measurement errors, are given in the aforementioned section as a function of the width of the shaped pulses. The algorithm of the pulse detection and measurement of their amplitudes is presented in Section 3. The algorithm is applied for detection of true Gaussian and trapezoidal pulses at a high count rate in Section 4. The output count rate, energy resolution and biasing amplitudes of the shapers are simulated with the use of the impulse response S R of an AXAS-D electronic system [6] equipped with a standard silicon drift detector (SDD) H7 VITUS [7] developed by KETEK GmbH in 2012 for measurements of soft X-ray spectra at throughputs up to 5·10 5 counts per second and 2 energy resolution > 200 eV at short peaking times of shaped pulses. The results of the work are summarised in the Conclusion 5.
Dead and resolving times of true Gaussian and trapezoidal shapers
The detection of closely overlapped photons and the maximal output count rate of the spectrometer are determined by its dead time τ D [1, 8, 9, 10] , i.e. the time interval after registration of a photon during which the system is not able to register any subsequent photons. The dead time of a trapezoidal shaper with an output pulse of undisturbed form and without pile up rejection is the sum of the peaking and flat top times of the pulse, see (2) in [9] . This sum equals the full width at half maximum (FWHM) of the trapezoidal pulse T s . This definition becomes uncertain at small widths of shaped trapezoidal pulses T s ≤ τ r when its form is significantly disturbed and output noises is increased [4] . The peaking time is not directly applicable to the calculation of the dead time of the true Gaussian shapers either. Therefore, the dead time of a shaper is defined here with taking into account the form of the shaped pulses and the output noise of the shaper. It is valid for both the true Gaussian and standard shapers. The dead time is defined as the smallest time interval between two subsequent output pulses when:
(1) the sum of two single pulses has two maxima corresponding to the pulse peaks, separated by a valley;
(2) the differences between the heights of both maxima and the valley are larger than the standard deviation of electronic noise at the shaper output. The width of the trapezoidal pulses is restricted by ≈100 ns at FWHM because of strong distortion of its form [5] . This distortion results in biasing the maxima of The statistical errors of the amplitude measurements of a single pulse are determined by the charge statistics of pair creation in the detector [11, 12] and the electronic noise.
The input electronic noise of the shapers is the normal white noise smoothed by a thirdorder low-pass filter to fit the experimental noise spectrum of the KETEK system shown in Fig. 1b in [5] . The standard deviation of the smoothed electronic noises was 55 eV. The measured standard deviation of the electronic noise of the KETEK system amounted to 53 eV. The electronic noises of the detection system were modelled as white noise smoothed by a third-order low-pass filter with a cut-off frequency of 8 MHz.
The spectrum of the modelled noises corresponded to that shown in Fig.1b in [5] . The output electronic noise of the shapers along with the Fano noise normalized to the pulse amplitude 5895 eV are shown in Fig. 2b . The Fano noise of peak amplitudes caused by the Fano statistics of electron hole pairs created by photon impacts in the detector area was estimated to be 130 eV at FWHM [11, 12] . It corresponds well to the specifications the KETEK system [7] . The energy resolution of the shaped pulses is determined by the quadratic sum of the Fano statistics in the detector layer and the output electronic noise [11] .
The resolving times of the true Gaussian and trapezoidal shapers are presented in Detection of true Gaussian and trapezoidal pulses was tested in a wide range of input count rates with a numerical model described in the next section.
Detection of true Gaussian and trapezoidal pulses
The impulse response of the KETEK spectrometer was measured with the use of a radiation source 55 F e. The maximal input count rate provided by the source is ≈ 10 4 1/s, therefore detection at higher rates up to 10 7 1/s was simulated numerically using the characteristics of the KETEK system measured at lower count rates.
The radiation source was simulated to emit photons of 5895 eV energy, distributed randomly and uniformly in a given time interval. The inverse mean time interval between subsequent photons which impact the SDD sensor is the input count rate of the shapers.
The output count rate of a detection system is defined as the inverse mean time interval between subsequent detected or resolved impulse responses.
The simulated impulse responses at the output of the KETEK system were synchronised with the impact photons. The response amplitudes are normally distributed around the mean photon energy with the standard deviation of the Fano noises 55 eV [12] . The sum of the simulated impulse responses and noises were converted by the true Gaussian and trapezoidal shapers to a sequence of shorter pulses in the way described above.
A threshold level is introduced to separate the noise and actual signal. It is found from the histograms of the noise measured prior the first impact photon. The threshold is defined at the level when the high amplitude wing of the noise histogram reduces to the 50% of the signal+noise histogram.
The shaped signals were analysed using a numerical code which returns the times and amplitudes of the peaks detected above the threshold level. The spectra of the detected pulses with amplitudes near the photon energy are shown in This large negative biasing is caused by the accumulation of long undershoot tails of 9 many pulses. These undershoots come from a 0.2 % undershoot of the S R pulse shown in Fig. 1a in [5] . The undershoot of this pulse is not perfectly cancelled with the polezero circuit of the preamplifier [1] . The complete cancellation was done with a digital reversed pole-zero circuit which was found to significantly reduce the tail of the KETEK spectrometer impulse response, as shown in Fig. 4 . 
The top parts of overlapped true Gaussian pulses do not have the Gaussian form, therefore they were approximated by polynomials from the 3rd to 6th power for amplitude corrections. The same approximation was applied for correction of amplitudes of trapezoidal pulses. The corrected spectra are plotted in the figure in dashed magenta and cyan curves with star and cross marks for the Gaussian and trapezoidal shapers. The correction removes the bias of the Gaussian pulse amplitudes and improves their spectral resolution by a factor of 0.7. The amplitude correction reveals biasing amplitudes of trapezoidal pulses in the high energy side caused by the overshoot of the pulse tails.
The algorithm was applied for simulation of the output count rate, energy resolution and amplitude biasing of the shapers at different input count rates. The results are presented in the next section.
Detection of shaped pulses at a high count rate
The detector output signals were shaped in three channels for detection of true Gaussian and trapezoidal pulses. A true Gaussian shaper with output pulses of 50 ns width was served as a fast channel for pile-up selection of peaks detected in other two slow channels as described in [10, 13] . Conditions (1) and (2) cannot be directly used for selection of pulses in the fast channel because times of impact photons are unknown. The threshold limit of peak amplitudes and the least pulse width of the Gaussian peaks were employed for selection of the detected peaks instead. The count rate of the detected Gaussian pulses in the fast channel C out fits well to the theoretical value C out = C in · exp(−C in T s ) [1, 9] , where C in is the input count rate and T s =50 ns. The efficiency of the pulse detection in the fast channel achieves 80% at C in = 5 · 10 6 1/s. The count rates in Fig. 5a are well approximated by theoretical dependence C out = C in · exp(−2C in τ R ) obtained for symmetrical shaped pulses [1, 9] . It is generalised to The maximal output count rate of Gaussian pulses of 100 ns width is 2.5 · 10 6 counts per second, which is a factor of 2.5 higher than that calculated for the trapezoidal pulses of the same width and five times higher than the maximal rate specified by the manufacturer of the SDD spectrometer [7] . The highest output rate of resolved Gaussian pulses is 4.5 · 10 6 counts per second. It is achieved at the pulse width 80 ns. Higher rates are restricted by the output noise of the shapers. The output rates of trapezoidal shapers fit well to the specifications of low noise AMPTEK SDD system designed for operation at input count rates > 2 · 10 6 1/s [10] .
The amplitude resolution of the resolved pulses in terms of FWHM of the main spectral peak is shown in Fig. 6 versus the output count rate of the shapers. The data are marked in the same way as in providing long shaped pulses are in the range of the technical specifications of the tested KETEK system ≤210 eV [6, 7] . The resolutions of all shapers grow when the output count rate approaches their maxima. The amplitude resolution of short trapezoidal pulses degrades to 400 eV at the maximal output rate ≤ 0.5 · 10 6 counts per second whereas the true Gaussian shapers keep better energy resolution up to 3 · 10 6 1/s .
Another important advantage of the true Gaussian shapers is biasing-free measurements of pulse amplitudes. see Fig. 7 . Both shapers provide similar biasing < 50 eV for pulse widths larger than 200 ns. A high biasing of shorter trapezoidal pulses up to 300 eV strongly restricts application of trapezoidal shapers at count rates well less than 10 6 
Conclusion
A new digital true Gaussian shaper for counting detected photons at high count rates has been analysed in terms of the dead and resolving times, output count rate and energy resolution of pulse measurements. The analysis employed numerical models based on calibrations and measured characteristics of a soft x-ray spectrometer developed by KETEK GmbH. The proposed true Gaussian shaper provides the following advantages compared with standard shapers:
(1) symmetrical output pulses whose width is shorter than the rise time of the detector impulse response;
(2) better resolving of overlapped detector pulses at very small time lags;
(3) boosted output count rates at small pulse widths;
(4) better amplitude resolution at high count rates;
